A round the world, the older segment of the adult population is increasing in size, proportion, or both. Advances in medicine and public health measures, rising standards of living, and improvements in education and nutrition have lengthened the human life span. Demographic evidence suggests that the debilitating effects of senescence are not being stretched out in time but delayed to later ages (1). Cognitive development in adulthood and old age follows a similar pattern. Longitudinal studies show that the onset of average decline in cognitive abilities occurs at considerably later ages than suggested by cross-sectional studies, which confound effects of age and birth cohort (2, 3) .
Comparisons across countries and of birth cohorts within countries (1), coupled with findings from cognitive neuroscience (4, 5) and developmental psychology (6) , indicate that adult cognitive development is variable across and malleable within persons (7) . Evolutionary theories propose that human senescence reflects evolved limitations in somatic maintenance, resulting in a buildup of damage (8) . In the absence of programmed aging, modifiers and modulators come to the fore, and individual differences abound. Hence, the shape and course of adult cognitive development is best conceived as a range of potential developmental trajectories that reflect person-specific endowments and environmental opportunities and constraints (7, 9) (Fig. 1) . Actual paths through life are sampled from this range and depend, in part, on the choices that people make. Readers hoping to reach a ripe old age with grace inevitably ask the question, what will become of their own cognitive abilities and what can be done to maintain them. Leading an intellectually challenging, physically active, and socially engaged life bodes well for enhanced cognitive stability and growth and may serve as a hedge against cognitive decline (7) . However, invoking the impression that cognitive aging is under personal control would be just as wrong as claiming that its course cannot be altered, to some extent, through experience and goal-directed action. Life-span development is inherently probabilistic (10, 11) , and the range of potentially available developmental trajectories is likely to differ from person to person (12) .
Neuroscience and, in particular, neuroepigenetics offer mechanistic explanations for the influence of common genetic variation, environmental conditions, and lifestyles on adult cognitive development. Multiple factors associated with vascular and metabolic risk, inflammation, stress, and deposition of iron and beta-amyloid accelerate brain aging (7, 13) . At the same time, the continued potential for neuroplasticity helps to maintain the viability of neural structures and postpone the onset of cognitive decline (7, 9, 14, 15) . Epigenetics has begun to identify mechanisms through which earlier experiences influence genome expression, which affects later development (16) . Animal models have been proposed to capture the path dependency of cognitive development (10) .
In the following, key features of human cognitive aging will be summarized from the combined perspectives of life-span psychology and the cognitive neuroscience of aging.
Fluid and crystallized cognitive abilities
Mechanisms related to maturation and senescence shape the course of cognitive development from conception to old age (6) . In adulthood and old age, human brains show increasing marks of aging. At the same time, they accumulate knowledge about the world and continue to express potential for new learning. The life-span trajectories of cognitive abilities reflect dynamic equilibria of these interacting forces and form the empirical basis of two-component theories of intellectual development (17) . Such theories distinguish between experience-based "crystallized" abilities, such as vocabulary, and "fluid" abilities that are less supported by acquired knowledge, such as reasoning and working memory, but are helpful in acquiring that knowledge in the first place. As a summary observation, the ages at which cognitive skills reach their peak are likely to reflect a balance among competing processes of knowledge accumulation and deterioration of the supporting neural infrastructure. For instance, in correspondence chess tournaments, where players have 3 days to make each move, players achieve the title of world correspondence champion at a mean age of 46, which is about 10 years later than the mean age for becoming the world chess champion at tournaments, where players have an average of 3 min or less to make a move (18) .
The senescent brain
A plethora of correlated processes contribute to human brain senescence, resulting in decreasing differentiation and integration of brain function and behavior (19, 20) . Senescence cumulatively affects the neurochemistry and anatomy of the human brain (13 neuromodulation has received particular attention (21) (22) (23) . Originating in the midbrain, dopamine neurons reach various subcortical and cortical regions. Positron emission tomography and single-photon emission computed tomography show a pronounced age-related decrease in dopaminergic neuromodulation in healthy older adults. Converging evidence from patient studies, animal research, pharmacological intervention, and molecular genetics indicates that dopamine plays a critical role in cognitive functioning (21, 22) . Longitudinal work (24) is needed to better understand the correlative triad among adult age, dopamine, and cognition (22) . Postmortem studies document age-related differences in various morphological aspects of the brain, such as reduced size and weight, expansion of cerebral ventricles and sulci, deformation and loss of myelin sheathing, region-specific loss of dendritic arborization and neuronal bodies, rarefication of cerebral vasculature, and reduced synaptic density (13) . Magnetic resonance imaging (MRI) permits the study of age differences and age changes in vivo, yielding indicators of gray and white matter volume and integrity, neural activity, and metabolites. Increasing adult age is associated with markedly smaller volumes of gray and white matter. Polymodal cortical regions display greater volume reductions than other neocortical areas, whereas primary visual cortices show relatively little volume loss (25, 26) . Crosssectional age trends are less clear for hippocampal volume, with some but not all studies suggesting accelerating shrinkage with advancing age. This inconsistency in results is likely to reflect sample differences in the admixture of preclinical pathology and the extent to which positive selection correlates with age. Longitudinal studies, which permit the efficient and unbiased assessment of change and of individual differences in change, report that hippocampal shrinkage accelerates with age and is exacerbated by vascular factors (25) .
Diffusion tensor imaging (DTI) and T2-weighted (spin-spin relaxation) MRI imaging are increasingly used to study age changes and differences in the integrity of white matter. White matter hyperintensities, which reflect ischemic lesions, microbleeds, demyelination, and expansion of perivascular spaces, increase from middle to late adulthood and show associations with vascular risk and genetic variants related to inflammation (27) . DTI indices point to decreasing white matter integrity with advancing adult age (28, 29) . The same holds true for life-span differences and changes in white matter volumes, which may reflect either the pruning of cortical connections in the course of maturational or experience-dependent plasticity, or alterations due to senescence and pathology.
Animal models help to identify mechanisms of age-related cognitive decline at the cellular level. In nonhuman primates, the degeneration of thin synaptic spines in dorsolateral prefrontal cortex, as well as synaptic alterations in the dentate gyrus of the hippocampus, contribute to agerelated losses in memory (30) . Rodent models indicate that normal aging alters excitatory synaptic transmission in hippocampal granule cells and in CA3 and CA1 pyramidal cells (31) .
Individual differences in change
The extent of age-related differences and changes in brain and behavior varies markedly across individuals. The brains of adults differ reliably in the onset and degree of age-related volume losses. Lateral prefrontal cortex, prefrontal white matter, and the hippocampus are among the regions that show particularly large individual differences in age-related shrinkage (25) . Rates of shrinkage are increased by risk factors such as treated hypertension and metabolic syndrome (25, 32) . The adverse effects of vascular and metabolic factors on brain health are not confined to individuals with a diagnosis of cardiovascular disease or diabetes. Instead, these risks operate well within the healthy range of functioning (33) .
Adults who maintain high levels of general cognitive ability into very old age stand in sharp contrast to age peers whose cognitive resources are waning or depleted by later adulthood. Longitudinal studies reveal that individual differences in cognitive performance increase from early to late adulthood and old age (34, 35) . Both genetic and environmental factors contribute to individual differences in change (36, 37) . To some extent, the age-related increase in heterogeneity is absorbed by age-related increments in the prevalence of pathological conditions such as dementia (38) . The remaining, ever more positively selected individuals who qualify as "generally healthy" or "normal" represent a continuously decreasing proportion of the aging population (39) . But even within this positively selected segment, individual differences in various aspects of brain and behavior increase with advancing age.
Attempts to establish the dimensionality of cognitive aging help identify environmental, epigenetic, and genetic factors that impair or promote cognition in old age. If age-related changes are indeed correlated across different cognitive abilities, searching for factors with generalized effects on cognitive functioning seems worthwhile. Cross-sectional studies are inadequate for uncovering the covariance dynamics of change (40, 41) . Multivariate longitudinal panel studies are more informative because they allow researchers to examine whether between-person differences in age-related change are correlated across different aspects of brain and behavior. At the anatomical level, studies reporting such covariance information are rare. One study found that shrinkage of prefrontal white matter correlated with shrinkage of lateral prefrontal cortex (r = 0.71) and with shrinkage of hippocampal volumes (r = 0.70), indicating that volume losses in the frontal lobes and in medial-temporal cortex are interdependent (25) . Such structural interdependencies are in good agreement with studies showing that deficits in both prefrontal and hippocampal activation patterns contribute interactively to adult age differences in associative episodic memory (42) . Behaviorally, several longitudinal studies show that human cognitive aging has a strong general component. One study analyzed 20-year longitudinal data of 6203 middle-aged to very old adults (43) . Participants were assessed up to eight times on 20 tasks of fluid intelligence, perceptual speed, memory, and vocabulary. Notably, 66% of the variance in cognitive change was shared across tasks. In another study, 39% of individual differences in change were shared across all tasks, and 33% were shared at the level of general cognitive abilities (44) .
These findings support an early plea by Salthouse (45) to overcome "issue isolationism" and search for age-related mechanisms with general effects on adult cognition. Promising candidate mechanisms with some degree of empirical support are decrements in dopamine availability in striatal and cortical brain regions (21-23); anatomical changes in medial-temporal (46) and prefrontal (47) areas; structural and functional connectivity decrements due to white matter alteration (27, 48, 49) ; a compromised dynamic range of neural activation (50) ; and deficient synchronization of oscillatory activity within and across fast and slow frequencies (51) . The lead-lag relations and reciprocal interdependencies among these and additional putative drivers of age-related declines in adult cognition are largely unknown. This lack of knowledge about the cascade of events associated with maintained or impaired cognition in late life points to the dire need for launching and sustaining multivariate longitudinal studies with a comprehensive range of ages, imaging techniques, and behavioral assessments (52, 53) .
There are reliable associations of individual differences in cognition at 11 years of age with late-life individual differences in cognition (54), brain status (55) , and somatic health (56) . Individuals with lower cognitive abilities are more likely to engage in behaviors that carry risks for late-life cognition, such as smoking (57) . Also, the genetic contributions to individual differences in cognition overlap with those observed for socioeconomic status and education (58, 59), underscoring the inadequacy of making unidirectional causal attributions on the basis of cross-sectional or short-term longitudinal data.
Although specific genetic variants play only a modest role in determining how long individuals live (60), they may influence age-related differences in cognition. The effects of common genetic polymorphisms on cognition are expected to increase with advancing adult age if the function that relates brain resources to behavior is assumed to be sigmoid rather than linear (61) . Larger effects on episodic memory performance in samples of older adults than in samples of younger adults have been observed for variants in the brain-derived neurotrophic factor (BDNF) gene (62) , the dopamine D2 receptor and transporter genes (63) , and the dopamine and glutamate receptor genes (64) . Similar effects on forgetting rates have been observed for D2 and D3 receptor genes and the DA transporter gene (65) and on response inhibition for dopamine D2 receptor genes (66) . These results are consistent with the long-standing observation that broad heritability increases from early to late adulthood (67) . However, the observed associations between variations at specific gene loci and individual differences in cognition are small, and causal accounts of the heritability of complex behavioral traits are "still missing" (68) . Cognitive abilities and their associated endophenotypes are highly polygenic; given the multitude of interactions among genes and environments, and the path-dependent nature of epigenetic effects, this renders it unlikely that individual allelic variations will account for a sizeable portion of phenotypic variance.
Experience-dependent plasticity in adulthood
Experience-dependent plasticity of brain and behavior subsists into late adulthood (15) . Adults respond to a variety of challenges with structural changes in task-relevant brain areas. Similarly, physical exercise programs induce plasticity at neural and behavioral levels of analysis, effects that tend to be more pronounced among older sedentary adults, and presumably reflect the attenuation of vascular and metabolic risk factors (69) . According to one model (9) , plastic changes are elicited by a mismatch between environmental demand and organismic supply, provided that the organism possesses the potential for a plastic response. The central tenet of this model is the distinction between plasticity and flexibility. Whereas flexibility refers to the capacity for variations in behavioral repertoire that do not require reorganization of brain structures and connections, plasticity refers to changes in behavior that do. Mismatches between supply and demand need to be prolonged to overcome the inertia and sluggishness of plasticity and to push the system away from its current dynamic equilibrium (Fig. 2) .
Older brains accumulate an increasingly large behavioral repertoire, and plastic reorganization of the brain is metabolically costly (30, 70) . Presumably for both of these reasons, the brains of healthy older adults are less likely, and may have less need, to react to environmental challenges with a plastic response than the brains of children and adolescents. In other words, older adults have a richer model of the world that enables deployment of established behavioral repertoires. Down-regulating plasticity during adulthood may favor the emergence of stable social structures, which in turn may facilitate the deployment of plastic potential in the next generation [for a related but distinct line of reasoning, see (71) ].
Are adult plastic changes elicited by intervention studies sufficiently large and persistent to improve cognitive competence in everyday life? One indicator of practical relevance is transfer of training: Does improvement on the trained tasks generalize to untrained tasks that tap into the same cognitive ability or to tasks measuring affiliated cognitive abilities? The experimental design and statistical analysis procedures of most intervention studies to date are not well suited to answer this question (72) . The most common threat to validity concerns the distinction between task-specific effects and improvements at the ability level. Positive transfer to multiple indicators of a given cognitive ability is a necessary condition for claiming that the intervention has led to improvements at that level. Latent factor models (73) are an effective method for estimating intervention-induced changes at the ability level and for comparing observed transfer gradients with theoretical predictions (74) (75) (76) .
In one exceptionally extensive intervention study (Fig. 3) , transfer of training to cognitive abilities was observed, but transfer effects were reduced in scope (76) and maintenance (77) in older relative to younger adults. In both younger and older adults, the intervention was associated with improved white matter integrity in the anterior part of the corpus callosum (78) and reduced age-related shrinkage in the cerebellum (79) . In another study (Fig. 3) , 4 months of spatial navigation training protected the hippocampus against age-related shrinkage (80), both in younger and older adults. However, training-related cortical thickening in the left precuneus and paracentral lobule was observed in younger adults alone (81) . These results provide some reason to hope that cognitive interventions may ameliorate the course of cognitive aging but also suggest that plasticity decreases from early to late adulthood.
The increasing importance of environmental support
Thirty years ago, Craik et al. (82) placed findings on adult age differences in memory on a continuum ranging from self-initiated processing to environmental support. Memory performance is particularly impaired when retrieval depends on self-generated cues and active control processes. By contrast, when retrieval cues (e.g., hints, reminders, and contextual reinstatement) are provided by the environment, age-related deficits decrease or disappear altogether. Accordingly, the effect sizes of the performance advantage of younger over older adults are large for free recall, moderate for recognition memory, and small for associative and item priming (83) .
Self-initiated processing and constructive cue generation require maintenance of task representations through recurrent connections between prefrontal and more posterior brain regions (84) . The ability to hold task representations in mind declines with age (85), as reflected by impairments in a variety of cognitive functions such as attention, working memory, and executive control (86, 87) . We recently proposed that the resulting greater reliance on environmental control is not confined to memory but forms a general developmental trend (88) . In perception, learning and remembering, and action management, older adults tend to rely more on external information than younger adults do, probably both as a direct reflection and indirect adaptation to difficulties in internally triggering and maintaining cognitive representations.
If greater reliance on the environment were always a direct reflection of weakened internal representations, the performance of older adults would suffer as soon as environmental support is eliminated. This is not always the case-removal of environmental sources of information may sometimes even benefit the performance of older adults (89, 90) . Such findings are inconsistent with the notion that increasing environmental control is a direct mirror image of waning internal control. Rather, the greater reliance of older adults on the environment may reflect a longterm adaptation to a cognitive system that is generally-but not necessarily in every specific instance-less capable of directing behavior in a top-down, internally regulated manner (5, 91) . There is thus a certain amount of slack between deficits in self-initiated processing and reliance on environmental support, such that aging individuals remain capable, in some situations at least, of reducing their degree of reliance on the environment when they need to do so. Therefore, direct and indirect pathways from the waning of top-down control to a greater reliance on environmental support likely coexist, but little is known about their relative importance and developmental interdependence.
When they have reached old age, individuals have acquired a relatively stable behavioral repertoire that is likely to match the regularities and affordances of the environments in which they live. The tendency of older adults, both automatic and deliberate, to outsource control to the environment may be inefficient at times but costeffective in the long run if the cuing structure of the environment corresponds to their goals and needs.
Mechanisms of successful cognitive aging
Cognitive aging is highly individualized, and information based on between-person differences or averages may misrepresent the individual aging process to some degree (92, 93) . Hence, attempts at promoting successful cognitive aging (94) should also be directed toward the physical and social environment of the aging individual. In particular, assistive adaptive technology (95) provides individuals with cuing structures that connect properties of the environment to their personal action goals. However, both risks and opportunities need to be kept in mind. Chronic reliance on technological aids may deplete brain resources through disuse of skills and abilities, undermine motivation, and engender loss of autonomy. Conversely, assistive adaptive technology may foster cognitive maintenance and plasticity by combining support with challenges, thereby enhancing motivation (96), social participation, and a sense of autonomy, with positive repercussions on cognitive development in old age (7) .
Turning toward aging individuals' brain and behavior, a number of general mechanisms have been linked to more favorable aging trajectories (4, 5, 14, 52, 97-99). These mechanisms are not mutually exclusive, and their viability and reciprocal relations remain to be determined. Animal models of individual differences in adult development play an important role in this effort (10, 30, 100) .
Maintenance
As a general observation, older adults with more "youth-like" brain structure and functional brain responses show higher levels of cognitive performance than older adults whose brain structure and function deviates markedly from that of younger adults (52, 101) (Fig. 4) . This observation holds true cross-sectionally (101-104) and longitudinally (105) . Brains with relatively well preserved anatomy and neurochemistry are more likely to generate functional activation patterns that resemble those of younger adults and that are germane to proficient performance. An important implication is that cognitive interventions should aim at preserving or, at least partially, restoring youth-like brain physiology.
Compensation
High levels of cognitive functioning in old age may reflect instances of successful compensation (5, 106) . According to one definition (107, 108) , compensation in the context of normal aging refers to structural or functional reorganization of the brain that evolves in response to aginginduced losses in brain functioning. Other than maintenance and restoration, compensation does not consist in preserving or reestablishing the substrate or function that was lost but in creating something alternative in response to a loss. Compared with discrete damaging events, such as a stroke, cerebral senescence is a process without clear boundaries in space and with no clear onset in time. Rather, the gradual loss in functional capacity in normal aging is distributed over many different brain areas, networks, and neurotransmitter systems. Compensatory reactions to normal aging may evolve differently and arguably less often than compensatory reactions to discrete damaging events. Brain circuitry potentially capable of compensating for a loss may itself be particularly vulnerable to normal aging. Compensatory recruitment of the prefrontal cortex may attenuate the adverse effects of aging on other areas of the brain (4), given its pivotal role for the organization of behavior (109) . However, far from being spared by senescence, prefrontal areas and associated corticostriatal circuits show early and precipitous age-related decline (22, 25) . Hence, although the frontal lobes are increasingly needed, they are decreasingly able to counteract the adverse consequences of senescence on sensory, perceptual, and motor aspects of behavior (98) .
Selection
A potentially powerful but rarely considered mechanism in the context of successful brain aging is selection. Younger adults' brains can execute a given task in more than one way (110, 111) . Different brain implementations of a given behavior may be differentially vulnerable to aging because some brain areas, circuits, and activation patterns are more resilient than others. More robust brain processing routes and areas with advancing adult age may signal selective survival due to differential robustness rather than compensatory development of alternate functional activation patterns. Individuals with a larger pool of available processing routes in early adulthood may draw on a greater cognitive reserve (14) or functional cerebral space (112) that provides a modicum of protection against the adverse effects of normal and pathological age-related changes on behavior because it offers a greater choice set for selection.
Multimodal longitudinal and experimental evidence is needed to probe the relative importance of maintenance, compensation, and selection as mechanisms of successful cognitive aging.
Outlook
Cognitive development in adulthood and old age differs substantially from person to person and is malleable within individuals. Maintaining cognitive abilities into old age and postponing or preventing pathologies leading to a diagnosis of dementia late in life are key aims for science and society. Exploring and exploiting the continued potential for cognitive maintenance and plasticity are major means to these ends. In the absence of strong genetic control, the course of human cognitive aging is open to a host of risk and protective or enhancing factors.
Beneficial lifestyle choices may attenuate partially modifiable risks, such as vascular and metabolic conditions, and promote changes that are likely to enhance cognition, such as angiogenesis, synaptogenesis, and neurogenesis. The developmental dependencies between risk and protective factors, and their modulation by behavior, are not well understood. Regions of the brain that are particularly plastic and provide the substrate for new learning and plasticity, such as the hippocampus, are also particularly vulnerable to risk factors such as stress and vascular conditions, suggesting that modifiability comes at a price (12, 113, 114) . Nevertheless, interventions that attenuate the adverse effects of risk factors, such as physical exercise, extensive cognitive interventions (Fig. 3) , and intellectually stimulating lifestyles, inspire cautious optimism about mitigating age-related declines (7) .
Although maturation and senescence operate continuously throughout life, their relative importance and interactions change from childhood to old age. Direct experimental comparisons between children, younger adults, and older adults are particularly informative in this regard, as they point to the ways in which brain-behavior mappings reorganize during ontogeny. For instance, medialtemporal and prefrontal regions of the brain contribute differently to working memory and episodic memory in childhood and old age, presumably because medial-temporal lobe maturation progresses more rapidly than that of the frontal lobes, whereas both regions of the brain show signs of decline with advancing adult age (115, 116) .
Research on neuroepigenetics (16) is likely to lead to a better understanding of the effects of early life events and choices on adult cognitive development. Animal models of emerging individuality will play a pivotal role in this endeavor (10) . Combining pharmacological (117) and behavioral interventions may reopen "windows of plasticity" in adulthood and old age (118) . If the relevant molecular mechanisms are functionspecific and can be brought under control, they may provide a basis for regulating plasticity in adulthood and old age (119) .
Advances in understanding how behavior influences brain aging, and how brain aging influences behavior, are facilitated by taking a life-span perspective that conceptually integrates evidence across time scales, age periods, functional domains, and levels of analysis. Neurocomputational models are a powerful tool for theory development, because they bridge the gaps that hinder integration (23, 120) and elucidate the constraints on what the brain can and cannot do. In this context, the connections between short-term variability and long-term change (121) deserve special attention, because they point to mechanisms and allow prediction. For instance, lack of processing robustness at an earlier point in time predicts longitudinal cognitive decline in old age (122) .
To effectively foster cognitive health in old age, we need to better understand the malleable causes of individual differences in human cognitive aging. This requires long-term, multivariate, longitudinal SCIENCE sciencemag.org 31 studies of brain and behavior. When planning such studies, design factors such as the number and the spacing of measurement occasions, the number of participants, the number of indicators per construct, and measurement reliability need to be chosen with care (123) . These choices influence the likelihood of correct identification of individual differences and mean trends in the age of onset, the functional form, and the rate of age-graded changes in adult cognition. In addition, longitudinal observations should be augmented by interventions to induce positive deviations from the modal path that help to identify contexts and mechanisms of successful aging and give science and society a hint about what would be possible if conditions were different. A more thorough understanding of mitigating, protective, and enhancing factors may provide the foundation for individualized interventions that promote successful cognitive development in adulthood and old age (9) .
